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Heat shock transcription factors belong to the heat shock factor (HSF) protein family, which are involved
in heat shock protein (HSP) gene regulation. They are critical for cell survival upon exposure to harmful
conditions. In this study, we identiﬁed and characterized a HSF1 (LvHSF1) gene in Litopenaeus vannamei,
with a full-length cDNA of 2841 bp and an open reading frame encoding a putative protein of 632 amino
acids. Through multiple sequence alignment and phylogenetic analysis, it was revealed that LvHSF1 was
closed to insect HSF family, which contained a highly conserved DNA-binding domain, oligomerization
domains with HR-A/B, and a nuclear localization signal. Tissues distribution showed that LvHSF1 was
widely expressed in all tissues tested. And it was upregulated in hemocytes and gills after Vibrio algi-
nolyticus or Staphylococcus aureus infection. Dual-luciferase reporter assays indicated that LvHSF1 acti-
vated the promoters of L. vannamei HSP70 (LvHSP70) and L. vannamei Cactus (LvCactus), while inhibited
the expressions of Drosophila antimicrobial peptide (AMP) Atta, Mtk, and L. vannamei AMP PEN4 through
NF-kB signal transduction pathway modiﬁcation. Knocked-down expression of LvHSF1 by dsRNA resulted
in downregulations of LvHSP70 and LvCactus, as well as cumulative mortality decreasing under
V. alginolyticus or S. aureus infection in L. vannamei. Taken together, our data strongly suggest that LvHSF1
is involved in LvHSP70 regulation, therefore plays a great role in stress resistance. And it also takes part in
LvCactus/LvDorsal feedback regulatory pathway modiﬁcation of L. vannamei, which is in favor of
V. alginolyticus or S. aureus infection.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/3.0/).1. Introduction
Heat shock response was characterized by the induction of
numerous heat shock proteins (HSPs) [1]. This response was mostly
regulated at the transcription level by heat shock transcription
factors (HSFs), which could speciﬁcally bind to heat shock elementAquatic Product Safety, State
, Sun Yat-sen University, 135
public of China. Tel.: þ86 20
ijam@126.com (J.-G. He),
Ltd. This is an open access article u(HSE) in the promoters of heat shock genes [2]. HSE was composed
of at least three inverted repeats of the consensus sequence nGAAn
[3]. HSFs were ﬁrst isolated from Saccharomyces cerevisiae [4,5] and
Drosophila melanogaster [6], in which four HSFs (HSF1 to HSF4)
were identiﬁed in vertebrates.
HSFs had critical functions in developmental processes, in the
maintenance of sensory organs and ciliated tissues, and in immune
response [7e9]. HSFs also had major roles in lifespan and in the
progression and maintenance of cancer [10,11]. They maintained
protein homeostasis in these physiological and pathological pro-
cesses by regulating the constitutive expressions of HSPs. Besides,
they also involved in cell growth and differentiation by regulating
the expression levels of genes, such as IL-6, FGFs, LIF, and p35
[7,9,12]. As reported, HSF1 had important functions in Caeno-
rhabditis elegans immunity against Gram negative and Gramnder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
Table 1
Summary of primers used in this study.
Name Primer sequences (50-30)
For cDNA cloning
DPHSF1-Fa MGNCARYTIAAYATGTAYGG
DPHSF1-Ra TTIACDATYTGYTGYTGYTT
LvHSF1-50RACE1 CACAGAAGGGCAAAAATAAGTCC
LvHSF1-50RACE2 CAGTTTCAACAGCCACAGCAG
LvHSF1-30RACE1 CCAGTGGCAGCAATGGTGTG
LvHSF1-30RACE2 ACGCACCACTCAGTCCAGAAC
For real-time RT-PCR
LvHSF1-F TGCTGAACTCAAAGGGCTACAC
LvHSF1-R AGTGGACGGTTGGATAACATTTC
LvEF-1a-F GTATTGGAACAGTGCCCGTG
LvEF-1a-R ACCAGGGACAGCCTCAGTAAG
For protein expressionb
pAcB-LvHSF1-F CGGGGTACCATGGCAAGCTTTGTGAGACAGC
pAcB-LvHSF1-R TTGCGGCCGCGCCATCTAGCTCTTTCTTTATG
For RNAi
dsRNA-LvHSF1-F ACGGACTACGAGGGCAACG
dsRNA-LvHSF1-F GAAACCCGTTCAAGTTGGATATG
dsRNA-LvHSF1-T7-F GGATCCTAATACGACTCACTATAGGACGG
ACTACGAGGGCAACG
dsRNA-LvHSF1-T7-R GGATCCTAATACGACTCACTATAGGGAAACCC
GTTCAAGTTGGATATG
a I ¼ Inosine; M ¼ A or C; N ¼ A, C, G or T; R ¼ A or G; Y ¼ C or T; D ¼ A, G or T.
b Nucleotides in bold indicate restriction sites introduced for cloning.
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activated by enhancing HSF-1 activity or by inducing the expression
of HSF-1 [13].
Compared with HSFs, nuclear factor-kappa B (NF-kB) is better
known in the invertebrate innate immunity. Studies had shown
that the innate immunity against bacteria and fungi was gov-
erned largely by the NF-kB signal transduction pathways in in-
vertebrates [14e18]. In D. melanogaster, Dorsal and Dif, which
were presented in the cytosol and belonged to the class II NF-kB
family, formed a complex with the homolog of the mammalian
IkB protein Cactus [19]. Cactus masked the nuclear location sig-
nals of Dorsal and Dif, and prevented their migrations into the
nucleus [14]. When activated by the Toll pathway in response to
fungal or bacterial infections, Cactus was degraded, then Dorsal
and Dif translocated into the nucleus to regulate the transcrip-
tions of antimicrobial peptide (AMP) genes, such as Drs, Mtk, and
Def [20].
The Paciﬁc white shrimp Litopenaeus vannamei, a primarily
farmed shrimp species, was the most important economic
penaeid shrimp worldwide [21]. And L. vannamei was signiﬁ-
cantly challenged by shrimp diseases induced by bacterial or
viral infections, resulted in a high mortality and devastating
economic losses [22e24]. Interestingly, more than 10 HSF bind-
ing sites existed within the promoter regions of Fenneropenaeus
chinensis Cactus (FcCactus), as well as L. vannamei Cactus
(LvCactus) [25]. In present study, we cloned an LvHSF1 gene and
investigated its functions. Our results showed that LvHSF1 was
involved in stress resistance by inducing the expression of
LvHSP70, and engaged in NF-kB signal transduction pathway by
upregulating the expression of LvCactus, which made L. vannamei
more susceptible to Vibrio alginolyticus or Staphylococcus aureus
infection.Fig. 1. Nucleotide and deduced amino acid sequence of LvHSF1 from Litopenaeus vannamei.
and numbered on the left. The initiation codon (ATG) and stop codon (TGA) are in boldface. T
blue. The putative NLS is in red. The ploly(A) signals (aataaa) are boxed, and the 30-UTR insta
ﬁgure legend, the reader is referred to the web version of this article.)2. Materials and methods
2.1. Microorganisms
Gram-negative V. alginolyticus was cultured in a thiosulfate-
citrate-bile salts-sucrose (TCBS) agar culture medium at 30 C for
18 h. Gram-positive S. aureus was cultured in a nutrient broth agarThe nucleotide (lower row) and deduced amino acid (upper row) sequences are shown
he putative conserved domains of DBD are shaded, whereas the HR-A/B domains are in
bility motifs (attta) are underlined. (For interpretation of the references to color in this
Fig. 2. Phylogenetic tree construction and multiple sequence alignment of HSF proteins from various species. (A) Phylogenetic tree analysis of the full-length amino acid sequences
of HSF proteins was constructed by the neighbor-joining method and was bootstrapped 1000 times using the MEGA 5.0 software. LvHSF1 is boxed. (B) Multiple sequence alignment
(using the Clustal X 2.0 programme) of the conserved domains of HSF proteins with the identical amino acid residues are shaded in black, and the similar residues are shaded in
gray. Proteins analyzed list below: LvHSF1, L. vannamei HSF1 (Accession No. KC782836); Bthsf1, Bos taurus heat shock factor prtein 1 (Accession No. NP_001070277); BgHsf1, Bos
grunniens mutus Heat shock factor protein 1 (Accession No. ELR54887); Rehsf1, Rucervus eldi heat shock transcription factor1 (Accession No. ACJ06400); Chhsf1, Capra hircus heat
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H. Yan et al. / Fish & Shellﬁsh Immunology 37 (2014) 184e192 187at 37 C for 24 h. The V. alginolyticus and S. aureus cells were
centrifuged at 5000 g for 10 min at 4 C, washed with 1  PBS (8 g
NaCl, 0.2 g KCl, 1.44 g Na2HPO4, and 0.24 g K2HPO4, diluted with
dH2O to 1 L with the pH adjusted to 7.3), and then resuspended in
1 PBS. The bacterial concentrationwas quantiﬁed as themicrobial
colony-forming units per milliliter (CFU/ml) and the bacterial so-
lution adjusted to 106 CFU/ml.
2.2. Total RNA isolation and cDNA synthesis
Healthy L. vannamei approximately 7 ge8 g were collected from
a shrimp farm in Zhuhai, Guangdong Province, China. Total RNA
was extracted from the tissue samples using an RNeasy Mini Kit
(Qiagen, Germany). Residual genomic DNA was digested by RNase-
free DNase _ (Qiagen, Germany). The total RNA was then reverse-
transcribed into ﬁrst-strand cDNA using a PrimeScript First
Strand cDNA Synthesis Kit (TaKaRa, China) for gene cloning. The
cDNA samples were prepared for real-time RT-PCR analysis using a
PrimeScript RT Reagent Kit (TaKaRa, China). The cDNA template
was prepared using a SMARTer RACE cDNA Ampliﬁcation Kit
(Clontech, USA) for the rapid ampliﬁcation of cDNA ends (RACE)-
PCR.
2.3. Cloning of LvHSF1 from L. vannamei
A 741 bp cDNA fragment of LvHSF1 was obtained by PCR using
the cDNA templates and degenerate primers DPHSF1-F and
DPHSF1-R (Table 1). The full-length cDNA of LvHSF1 was obtained
by RACE based on the cDNA fragment. The primers LvHSF1 50RACE1
and LvHSF1 30RACE1 (Table 1) were used for the ﬁrst round of 50-
and 30-end RACE-PCR with a thermal cycler under the following
conditions: denaturation at 94 C for 3 min; 7 cycles of 94 C for
30 s, 62 C for 30 s (decreased by 1 C per cycle), and 72 C for
2 min; 32 cycles of 94 C for 30 s, 57 C for 30 s, and 72 C for 2 min;
and a ﬁnal extension at 72 C for 3 min. The conditions for the
second round of 50- and 30-end PCR using LvHSF1 50RACE2 and
LvHSF130RACE2 (Table 1) were the same as those for the ﬁrst round.
The PCR products were cloned into the pMD19-T vector (TaKaRa,
China) and then sequenced.
2.4. Sequence and bioinformatics analysis
Sequences were analyzed by BLAST program at the National
Center for Biotechnology Information (NCBI) server. Clustal X 2.0
program was used to perform multiple sequence alignments. The
deduced amino acid sequence of LvHSF1 was analyzed using the
simple modular architecture research tool (http://smart.embl-
heidelberg.de). A neighbor-joining phylogenic tree was con-
structed by MEGA 4.0 software (http://www.megasoftware.net/
index.html) based on the deduced amino acid sequences of the
related genes in typical species. Bootstrap sampling was reiterated
1000 times.
2.5. Immune challenges and real-time RT-PCR analysis
Fifteen L. vannamei were sacriﬁced to obtain the eyestalks, gills,
hemocyte, hearts, hepatopancreases, stomachs, intestines, nerves,shock transcription factor1 (Accession No. AFN69446); Sshsf1, Sus scrofa heat shock transcr
protein 1 (Accession No. BAK63583); HgHsf1, Heterocephalus glaber Heat shock factor protein
EDL29570); Rnhsf1, Rattus norvegicus heat shock transcription factor1 (Accession No. NP_07
DrHsf1, Danio rerio Hsf1 protein (Accession No. AAI34899); HaHSF, Haliotis asinina HSF (Acce
No. EFN73771); Dphsf, Danaus plexippus heat shock transcription factor (Accession No. E
BAG07219); Pvhsf, Polypedilum vanderplanki heat shock factor (Accession No. ADM13379);
anogaster heat shock factorLRRFIP2 (Accession No. NP_476575).muscles, pyloric caecums, seminal vesicle, and epitheliums for
tissue expression analysis.
For immune challenge experiments, healthy L. vannamei was
intramuscularly injected at the third abdominal segment with
50 mL of V. alginolyticus (7.0  106 CFU/g), 50 mL of S. aureus
(4.5  106 CFU/g), and 50 mL of phosphate-buffered saline (PBS;
control), respectively. The hemocytes and gills of the challenged
L. vannamei were sampled at 0, 4, 8, 12, 24, 36, 48, and 72 h post
injection (hpi), and three shrimps from each group were randomly
selected. Real-time RT-PCR assays were carried out with a Roche
LightCycler480 thermal cycler (Roche Applied Science, Germany).
The fold changes in gene expression were calculated using the
relative standard curve method [26]. Three replicate qPCRs were
performed per sample. LvEF-1a (GenBank Accession No.
GU136229) was used as internal control. The primer sequences are
listed in Table 1.2.6. Plasmid construction
For protein expressions in Drosophila Schneider 2 (S2) cells,
pAc5.1/V5-His B (Invitrogen, USA) and the PCR products ampliﬁed
with pAcLvHSF1F and pAcLvHSF1R were digested with the same
restriction enzymes Kpn_ and Not_ (Takara, China) and then puri-
ﬁed. The mixture was ligated at 4 C overnight and then trans-
formed into DH5a-competent cells. Positive clones were conﬁrmed
by colony PCR and sequenced. In previous studies [14,15,17,18,27],
the expression vectors of pAC5.1-eGFP, pAC5.1-LvCactus and
pAC5.1-LvDorsal were constructed. In this study, ﬁve luciferase
reporter vectors were also constructed using the promoter se-
quences of the following genes: the Drosophila AMP Attacin (Atta,
Accession No. CAA86995), Metchnikowin (Mtk, Accession No.
AAF58139), the L. vannamei AMP penaeidin-4 (PEN4, Accession No.
AF390147), HSP70 (Accession No.AAT46566), and Cactus (Accession
No. JX014314). Luciferase reporter genes, including pGL3-Atta,
pGL3-Mtk, pGL3-PEN4, and pGL3-LvCactus are regulated through
NF-kB signal transduction activation [16e18,27e29].2.7. Dual luciferase reporter assays
No permanent shrimp cell line was available. Hence, Drosophila
hemocyte-derived S2 cells were used to perform functional anal-
ysis of LvHSF1 [16,20,27,30]. S2 cells were maintained at 27 C in
Drosophila serum-free medium (Invitrogen, USA) supplemented
with 10% fetal bovine serum (Invitrogen, USA). S2 cells were seeded
overnight before transfection, and the plasmids were transfected
with Cellfectin II reagent (Invitrogen, USA) following the manu-
facturer’s instructions. S2 cells in 96-well plates (TTP, Switzerland)
were co-transfected using 0.3 mg of expression plasmids, 0.2 mg of
reporter gene plasmids and 0.02 mg of pRL-TK renilla luciferase
plasmid (Promega, USA) per well. The pRL-TK renilla luciferase
vector was transfected as an internal control. After 48 h, the cells
were harvested and lysed to examine the protein expression. The
ﬁreﬂy and renilla luciferase activities were measured using the
Dual-luciferase Reporter Assay System (Promega, USA) according to
the manufacturer’s instructions. All assays were performed in three
independent transfections.iption factor1 (Accession No. NP_001230748); Pthsf1, Pan troglodytes heat shock factor
1 (Accession No. EHB16894); Mmhsf1,Mus musculus heat shock factor1 (Accession No.
7369); Xlhsf, Xenopus laevis heat shock factor protein (Accession No. NP_001084036);
ssion No. ABR15461); CfHsf, Camponotus ﬂoridanus Heat shock factor protein (Accession
HJ73660); Mbhsf, Mamestra brassicae heat shock transcription factor (Accession No.
DyHsf, Drosophila yakuba Hsf (Accession No. XP_002091977); Dmhsf, Drosophila mel-
Fig. 3. Tissue distributions of LvHSF1 in healthy L. vannamei. Ten shrimps were used for
tissue sampling. LvEF1a was used as the internal control; the relative expression of
LvHSF1 in various tissues was compared against that in seminal vesicle.
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The DNA templates of LvHSF1 dsRNA (designated as dsLvHSF1)
were prepared by PCR with the primer pairs of dsLvHSF1-T7-F/
dsLvHSF1-R and dsLvHSF1-F/dsLvHSF1-T7-R (Table 1). The prod-
ucts with T7 promoter were conﬁrmed by sequencing, used as
templates for sense and antisense strands of RNAs, and then sub-
jected to in vitro transcriptionwith the RiboMAX Large Scale RNA
production System-T7 (Promega, USA) following the manufac-
turer’s protocols. After the reaction, the DNA templates were
incubated at 37 C with RNase-Free DNase (1 U/1 g) for 15 min. The
in vitro-transcribed RNA products were subjected to phenol/chlo-
roform extraction, followed by isopropanol precipitation. An equal
amount of sense and antisense RNAs were annealed to each other
to obtain dsRNA in a reaction containing 1  annealing buffer
[20 mM potassium acetate, 6 mM HEPESeKOH (pH 7.4), 6 mM
MgOAc] at 90 C for 2 min. The temperature was gradually
decreased to 37 C, held for 1 h, and then placed at room temper-
ature for another 1 h. The leftover single-stranded RNA template
and the single-stranded overhang were degraded by incubating the
annealed product with 0.1 mg of RNaseA at 37 C for 10 min, fol-
lowed by phenol/chloroform extraction and isopropanol precipi-
tation. DsLvHSF1 was 430 bp long, whereas the EGFP dsRNA
(designated as dsEGFP) templates prepared by PCR with the primer
pairs dsEGFP-T7-F/dsEGFP-R and dsEGFP-F/dsEGFP-T7-R (Table 1)
were 504 bp long [31].
2.9. Bioassay of bacterial challenge tests in LvHSF1 knocked-down
L. vannamei by RNA interference (RNAi)
The shrimps treated with dsLvHSF1 or dsEGFP were sacriﬁced
after dsRNA injections and their hemocytes were collected to
investigate the efﬁciency of RNAi in this study. The untreated
shrimps were also collected as control samples. A total of 450
L. vannamei weighing 4e5 g were divided into three groups (150
specimens per group) for the V. alginolyticus (7.0  106 CFU/g),
S. aureus (4.5  106 CFU/g), and PBS challenges, respectively. Each
group was further subdivided into three subgroups (50 specimens
per group) for the different dsRNA silencing treatments, in other
words, injection with dsLvHSF1, dsEGFP, or PBS. L. vannamei was
challenged with V. alginolyticus, S. aureus, or PBS at 2 d after dsRNA
injection. The cumulative mortality was recorded every 8 h. Semi-
PCR assays were performed using LvEF1a as the internal reference.
The primers sequences were listed in Table 1.
2.10. Expressions of LvHSP70 and LvCactus in LvHSF1 knocked-
down L. vannamei
The speciﬁc primers (Table 1) of LvHSP70 and LvCactus were
designed based on the published L. vannamei cDNA sequences of
HSP70 (Accession No. EF495128) and Cactus (Accession No.
JX014314). The expression levels of the two genes at the detected
time points after PBS, dsEGFP and dsLvHSF1 injections were
measured using real-time RT-PCR.
3. Results and discussion
3.1. Cloning and sequence analysis of LvHSF1
The full-length cDNA of LvHSF1 was 2842 bp long, including a
97 bp 50-untranslated region (UTR) and an 846 bp 30-UTR with a
poly (A) tail (Fig. 1). The open reading frame (ORF) of LvHSF1 was
1899 bp long, encoding a putative protein of 632 amino acids with a
calculated molecular weight of 69.04 kDa. The cDNAwas submitted
to NCBI GenBank under Accession No. KC782836. It has beenindicated that HSFs from different species were highly conserved
with a DNA-binding domain (DBD) and HR-A/B domains during
evolution [32]. Phylogenetic analysis showed that LvHSF1 con-
tained a highly conserved DNA-binding domain at its N-terminus.
The oligomerization domains with HR-A/B were also found in
LvHSF1. Furthermore, a cluster of basic amino acids served as a
nuclear localization signal (NLS) were at the C-terminus of LvHSF1
(Fig. 1).
3.2. Phylogenetic analysis and multiple alignment of LvHSF1
Multiple sequence alignment was performed, and a phyloge-
netic tree generated using the neighbor-joining method was con-
structed to investigate the relationship between LvHSF1 and other
known HSFs (Fig. 2). The phylogenetic tree illustrated that these
HSF proteins could be divided into two classes. Class 1 contained
the vertebrate HSFs: Bthsf1 (Bos taurus), BgHsf1 (Bos grunniens),
Rehsf1 (Rucervus eldi), Chhsf1 (Capra hircus), Sshsf1 (Sus scrofa),
Pthsf1 (Pan troglodytes), HgHsf1 (Heterocephalus glaber), Mmhsf1
(Mus musculus), Rnhsf1 (Rattus norvegicus), Xlhsf (Xenopus laevis),
and DrHsf1 (Danio rerio). Class 2 contained the invertebrate HSFs:
LvHSF1, HaHSF (Haliotis asinina), CfHsf (Camponotus ﬂoridanus),
Dphsf (Danaus plexippus), Mbhsf (Mamestra brassicae), Pvhsf (Pol-
ypedilum vanderplanki), DyHsf (Drosophila yakuba), and Dmhsf
(D. melanogaster). Among these, LvHSF1 was mostly closed to the
insect HSF proteins (Fig. 2(A)). The amino acids identity between
LvHSF1 and CfHsf was 53%, between LvHSF1 and Dmhsf was 52%
(Fig. 2(B)).
3.3. Tissue distribution of LvHSF1 in healthy L. vannamei
LvHSF1 was detected in all the tissues examined (Fig. 3), and its
relative expression levels in other tissues were normalized to that
in the seminal vesicle. The results showed that LvHSF1 was lowly
expressed in seminal vesicle, hepatopancreas, and epithelium,
while highly expressed in heart, intestines and gills, with levels of
w27.9, w17.7, and w13.2-fold greater than in the seminal vesicle
respectively (Fig. 3).
3.4. Expressions of LvHSF1 in hemocytes and gills in V. alginolyticus
or S. aureus challenged L. vannamei
Expressions of LvHSF1 in hemocytes and gills of L. vannamei that
infectedwith V. alginolyticus or S. aureuswere investigated at 0, 4, 8,
12, 24, 36, 48, and 72 h post infection (hpi). The expression level at
0 h was used as the baseline, and the corresponding expression in
the PBS group was used as the control group. The expressions of
LvHSF1 in V. alginolyticus challenged L. vannamei reached the peak
H. Yan et al. / Fish & Shellﬁsh Immunology 37 (2014) 184e192 189values at 36 hpi in hemocytes and 12 hpi in gills, with a 2.95-fold
and 1.69-fold higher than that of the control, respectively
(Fig. 4(A)). While in S. aureus challenged L. vannamei, the expres-
sion of LvHSF1 increased 3.3-fold at 48 hpi in hemocytes, and 1.8-
fold in gills at 24 hpi, respectively (Fig. 4(B)). All these suggested
that in hemocytes and gills, V. alginolyticus and S. aureus infections
both upregulated the expression of LvHSF1.
3.5. LvHSF1 regulated the expressions of LvHSP70, as well as Atta,
Mtk, PEN4 in S2 cells
A previous study on F. chinensis showed that the promoter of
FcCactus contains various transcription factor binding sites, such
as HSF binding sites and AP-1 binding site [25]. HSF binding sites
also exist in the promoter region of LvCactus and LvHSP70.
Through dual luciferase reporter assays, we found that LvHSF1
increased the promoter activities of LvHSP70 and LvCactus by
w46.3- and w35.5-fold, respectively (Fig. 5(A)). Meanwhile,
LvDorsal overexpression upregulated the expression levels of
Atta, Mtk, and PEN4 by w11.2-, w13.7-, and w25.2-fold, respec-
tively. LvHSF1 but not eGFP signiﬁcantly offset the LvDorsal-
dependented upregulations of Atta, Mtk, and PEN4 (Fig. 5(B)). In
addition, LvHSF1 overexpression reduced the expression levels of
Atta, Mtk, and PEN4 (Fig. 5(B)). These results suggested that
LvHSF1 might be likely involved in the NF-kB signal transduction
pathway by upregulating the expression of LvCactus.
The overexpression of the IkB homolog LvCactus in L. vannamei
could down regulate the expressions of shrimp AMPs [33]. In this
study, reporter gene assay analysis showed that LvHSF1 could up
regulate the expression of LvCactus. And we also found that over-
expression of LvCactus down regulated the activities of Atta, Mtk
and PEN4 by w0.44-, w0.38-, and w0.42-fold, respectively
(Fig. 5(C)). Moreover, LvHSF1 intensiﬁed the downregualtions of
LvCactu on Atta, Mtk and PEN4 byw1.83-,w1.32-, andw2.81-fold,
respectively.Fig. 4. Temporal expression of LvHSF1 in immune challenged L. vannamei. The relative expre
gills (A(b)), and Staphylococcus aureus in hemocytes (B(a)) and gills (B(b)) were compared
normalized to LvEF1a. The results are based on three independent experiments and express
indicates p < 0.05 and ** indicates p < 0.01 compared with the control).3.6. Downregulation of LvHSF1 expression leaded to LvHSP70 and
LvCactus expressions decreasing, and reduced the cumulative
mortalities of V. alginolyticus or S. aureus infected L. vannamei
In LvHSF knocked-down L. vannamei, relative expressions of
LvHSP70 and LvCactus were both decreased at all detected time
points (Fig. 6). This revealed that the downregulation of LvHSF1 also
decreased the expressions of LvHSP70 and LvCactus, conﬁrmed the
role of LvHSF1 in regulating the LvHSP70 in L. vannamei.
DsLvHSF1 injection dramatically reduced the expression of
LvHSF1 in the hemocytes at 2 d after injection, while dsEGFP in-
jection did not induce the downregulation of LvHSF1 expression in
the hemocytes (Fig. 7(A)). In V. alginolyticus or S. aureus challenge
tests, cumulative mortality reached 100% within 136 hpi for no-
dsRNA treatment group. DsEGFP injection failed to protect shrimp
from V. alginolyticus or S. aureus infection, and the cumulative
mortalities were similar with the no-dsRNA treatment groups. In
the V. alginolyticus challenge test, shrimp treated with dsLvHSF1
had a lower cumulative mortality, especially at 128 hpi and 136 hpi
(Fig. 7(B)). The ﬁnal mortality rates were 66.7%, 86.0%, and 97.7% for
the dsLvHSF1, dsEGFP, and PBS groups, respectively (Fig. 7(B)). And
in the S. aureus challenge test, shrimp treated with dsLvHSF1 had a
lower cumulative mortality, especially during 56 hpi to 72 hpi
(Fig. 7(C)). These results supported the assumption that LvHSF1
might be in favor of V. alginolyticus or S. aureus infection.
4. Discussion
We previously identiﬁed L. vannamei p38 (Lvp38) and analyzed
its function. Similar to D. melanogaster p38, Lvp38 can activate the
expressions of Drosophila and shrimp AMP genes, and can knock-
down Lvp38 by RNAi, making L. vannamei more susceptible to
bacterial infections. These results suggest that Lvp38 may be
involved in anti-bacterial infections through the NF-kB pathway. A
previous study reported that HSF activation by p38 is an importantssion of LvHSF1 in the groups treated with Vibrio alginolyticus in hemocytes (A(a)) and
with that in the control group. The relative expression level of the target genes was
ed as mean values  S.D. Statistical signiﬁcance was calculated using Student’s t-test (*
Fig. 6. Expressions of LvHSP70 and LvCactus in hemocytes with LvHSF1 knocked-down.
The relative expressions of LvHSP70 (A) and LvCactus (B) were compared against the
PBS and dsEGFP injection groups. The mRNAs were collected at various time points
(0 h, 12 h, 1 d, 2 d, 3 d, or 5 d) after injection with the indicated dsRNA. The expression
level of LvHSF1 was measured by real-time RT-PCR. Relative expression levels were
normalized to LvEF-1a. The results are based on three independent experiments and
expressed as the mean values  S.D. The statistical signiﬁcance was calculated by the
Student’s t-test (* indicates p < 0.05 and ** indicates p < 0.01 compared with the
control).
Fig. 5. Dual luciferase reporter assays on Drosophila S2 cells. (A) Effects of LvHSF1 on
the promoter activities of LvHSP70 and LvCactus in Drosophila S2 cells. (B) Effects of
LvHSF1 on the promoter activities of Drosophila AMP genes (Atta and Mtk) and
L. vannamei AMP gene (PEN4) in Drosophila S2 cells. (C) Intensify of LvHSF1 on LvCactus-
repression Atta, Mtk and PEN4. The pRL-TK Renilla luciferase plasmid served as an
internal control. All data are representative of three independent experiments. The
bars indicate the mean  S.D. of the luciferase activity (n ¼ 3). The statistical signiﬁ-
cance was calculated using Student’s t-test (* indicates p < 0.05 and ** indicates
p < 0.01 compared with the control).
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downregulated the expression levels of Atta, Mtk, and PEN4 by
upregulating the expression of LvCactus. The transcription factor
LvHSF1 can upregulate the expression of LvHSP70 and may be
involved in L. vannamei stress remission. Moreover, the cumulative
mortality of L. vannamei was lower in the dsLvHSF1 treatment
group than in the control group in the bacteria challenge experi-
ments. LvHSF1 also modiﬁed the L. vannamei LvCactus/LvDorsal
feedback regulatory pathway by upregulating the expression of
LvCactus, which was propitious to V. alginolyticus or S. aureus
infection.
HSF1 was a multifunctional protein, not only played a role in
NF-kB signal transduction pathway regulation, but also took part in
environmental stress responding [35]. In tissue distribution assays,
the tissues with low expression of LvHSF1, such as seminal vesicle,
hepatopancreas and epithelium, were always exposure to patho-
gens or their toxic productions, and suggested a high activity of NF-kB signal transduction pathway in these tissues. And LvHSF1 was
highly expressed in intestine and gills, this might because LvHSF1
was much more sensitive to environmental stress among these
tissues, although these tissues often exposure to pathogens too.
Nowadays, HSF1 has also been found to be engaged in tumori-
genesis, autophagy and so on [36,37]. The reasons why LvHSF1was
highly expressed in heart of L. vannamei needed a further
investigation.
HSPs, known as stress proteins and molecular chaperones, are a
suit of highly conserved, broadly distributed proteins in nature
[38,39]. In living organisms, the expression of HSPs increases in
response to a wide range of stresses, such as heat, heavy metals,
anti-inﬂammatory drugs, and bacterial and viral infections [38e
41]. HSPs in eukaryotes are categorized into six major families ac-
cording to their molecular weights: small HSPs, HSP60, HSP70,
HSP90, HSP100, and HSP110 [42,43]. LvHSP70 had a dominant
function under heat shock, pH variations, and iron or zinc expo-
sures [44]. It had been showed that 1 h of heat exposure could
signiﬁcantly induce the expression of HSP70 in the hepatopancreas
of Penaeus monodon [45]. In another study, heat shock treatment
dramatically induced the expression of FcHSP70 [46]. These studies
emphasized that shrimp HSP70s had important functions in coping
with stress resistance. In the present study, LvHSP70 was upregu-
lated by LvHSF1 overexpression. This result suggested that LvHSF1
Fig. 7. Knock-down expression of LvHSF1 decreased cumulative mortalities in
L. vannamei after bacterial infections. (A) Semi-quantitative PCR analysis of LvHSF1
gene expression with LvEF1a as internal control. Shrimps (n ¼ 50) were intramuscu-
larly injected with dsLvHSF1, dsEGFP, or PBS (control). At approximately 48 h after the
initial injection, shrimps were infected with V. alginolyticus (B), S. aureus (C), or PBS
(control). Cumulative mortality was recorded every 8 h after challenged.
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the promoter activity of LvHSP70. Besides, it had been reported that
LvHSP70 suppressed WSSV replication at high temperature [47].
Therefore, LvHSF1 might be engaged in WSSV inhibition at such
situation, while it required more evidences to support this
conclusion.
The promoter regions of FcCactus and LvCactus contain several
HSF binding sites [25]. In another published work, the over-
expression of the IkB homolog LvCactus in L. vannamei can down-
regulate the activities of shrimp antimicrobial peptide promoters
[33]. NF-kB signal transduction pathway in Drosophila is essential
for anti-bacterial response by regulating the expressions of immune
related genes, including AMPs [48e50]. In the present study, Ex-
pressions of Atta, Mtk, and PEN4 could be upregulated by LvDorsal;
on the contrary, overexpression of LvCactus could inhibit the pro-
moters activities of shrimp AMPs [33,51]. These results suggest that
LvHSF1maybe involved in theNF-kBsignal transductionpathwayby
upregulating the expression of LvCactus. AMPs in Drosophila and
shrimpwere principally controlled by theNF-kB signal transduction
pathway [15]. And there were evidences showed that in human,
HSF1 took part in the inhibition of NF-kB signal transduction
pathway during the lung protection response to heat shock stimu-
lation [52]. Our results showed that LvHSF1 enhanced the role of
LvCactus on AMPs regulation, conﬁrmed that LvHSF1 regulatedAMPs
through NF-kB signal transduction pathway.
Real-time RT-PCR analyses showed that stimulation with gram-
negative bacterial V. alginolyticus and gram-positive bacterialS. aureus upregulated the expression of LvHSF1 in the hemocytes.
Considering that LvCactuswas upregulated by LvHSF1, we speculate
that V. alginolyticus and S. aureus infections also downregulate
some AMPs, making the host more susceptible to the infections. We
knocked-down the expression of LvHSF1 effectively by dsRNA in-
jection. The results showed that cumulative mortality was
decreased in the LvHSF1 knocked-down shrimp infected with
V. alginolyticus or S. aureus. These results supported the assumption
that LvHSF1 may be favor for V. alginolyticus or S. aureus infection.
Above all, our study revealed that LvHSF1 could up regulate the
expression of LvHSP70; LvHSF1 also modiﬁed LvCactus/LvDorsal
feedback pathway in L. vannamei by upregulating the expression of
LvCactus, which was propitious to V. alginolyticus or S. aureus
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